With the increase of single-machine capacity of synchronous generator, the excitation current for electromagnetic induction increases greatly. How to ensure fast, secure, flexible and effective de-excitation in the event of no-load mistaken over excitation, system faults and other extreme conditions has become a problem in urgent need of researches and solutions. In this paper, the mainstream excitation schemes for static self-parallel excitation-enabled hydroelectric generator units and brushless excitation for nuclear power generator units are analyzed. The main reasons of de-excitation accident of large capacity generator are studied, the key parameters of electromagnetic boundary conditions and de-excitation characteristics are analyzed, the topology of the de-excitation circuit is optimized, and the choice of de-excitation resistor is studied in depth. This paper will combine the Three Gorges hydropower 700MW self-excitation unit to carry out research work to improve the de-excitation characteristics of large-capacity synchronous generator.
Introduction
The de-excitation is an essential part of the operation of the generator. It is also an important protection measure for the internal faults of the generator and the main transformer. When a short circuit fault occurs inside the generator or within the transformer of the generator-transformer bank and between the generator terminal and the generator or generator-transformer breaker, the short-circuit point is not removed although the relay protection will trip the break. The electromotive force of the stator generated by the rotor current of the generator will continue to maintain the short-circuit current, which will cause serious damage to the generator and transformer and may cause the accident to widen [1] . Therefore, the generator must be de-excited to reduce its voltage below the arc-extinguishing voltage to limit the extent of damage in the event of a generator fault.
With the increase of single-machine capacity of synchronous generator, the excitation current also increases greatly. Such as 984MW unit nuclear power plant generator rated excitation voltage of 541 V located in Daya Bay, rated excitation current of 5340 A; 700MW unit located in the Three Gorges Power Plant, rated excitation voltage of 476 V, rated excitation current of 4158 A [1, 2] . This increases the difficulty of de-excitation, especially in the event of machine-side fault and no-load mistaken over excitation, the demagnetizing performance put forward higher requirements.
The Main Reasons for the Accident of De-excitation of Large Capacity Generator
With the increase of generator capacity, the accident of de-excitation occurs from time to time, causing huge losses to the generator and the power system. Looking at the cause of the accident, mainly concentrated in two aspects:
(1) Capacity and Cut-off arc voltage Problems of Magnetic Circuit Breaker As single-machine capacity increases, in accordance with the principle of faster de-excitation, higher requirements are put forward for the magnetic circuit breakers. For example, when the breaker's capacity of withstand voltage or current is not enough, it is easy to burn the breaker. If the arc voltage is low, it will be difficult to meet the commutation conditions, and it will lead to the failure of commutation, so the rotor electromagnetic energy cannot be transferred to the energy-consumed resistor, it threatens the safety of generators and excitation devices.
(2) Capacity and Energy-equalized Problems of Nonlinear Resistor The energy on the rotor winding of the generator is eventually consumed by exponential law as fast as possible through commutation to the non-linear resistor, which put forward high demands for withstand voltage, current, current equalizing, energy equalizing, capacity and other features of the non-linear resistor assembly. At present, the de-excitation resistor commonly used ZnO non-linear resistor or SiC nonlinear resistor.
(3) Caused by Non-direct De-excitation An important trend has emerged in the excitation system, that is, more and more high-capacity generators adopt brushless excitation, especially the newly-built million kilowatts nuclear power units, are used brushless excitation system [2, 3] . In this way, the excitation current does not have to be leaded into the brush and slip ring, which effectively avoids the problem of serious heat generation and a large amount of brush abrasion due to the high current passing through the sliding contact between the brush and the slip ring. It has the advantages of less maintenance work, longer insulation life of armature winding, and excitation power is not affected by voltage fluctuation of power system, over excitation capability is also not affected by short circuit of system, etc. However, at present, the brushless excitation system can only set the de-excitation device in the main exciter magnetic circuit, and the excitation current of the generator can only de-excited by natural attenuation, so the de-excitation time of the generator is very long, which is a big hidden danger for the safety of the generator [4] .
Main Methods of De-excitation
When the generator or generator-transformer group fails, the relay protection control system starts the de-excitation system to de-excite the generator. The current de-excitation mainly has the following four methods: (1) the de-excitation method of DC magnetic breakers and linear de-excitation resistor; (2) the de-excitation method of DC magnetic breakers and silicon carbide (SiC) non-linear de-excitation resistor; (3) the de-excitation method of DC magnetic field circuit breaker and zinc oxide (ZnO) non-linear demagnetization resistor; (4) the de-excitation method of AC magnetic field circuit breakers and non-linear de-excitation resistor (method of AC de-excitation) The following are the current topology of de-excitation in detail.
(1) the De-excitation Method of DC Magnetic Breakers and Non-linear De-excitation Resistor
The discharging de-excitation method of the magnetic field circuit breaker coordinating with non-linear resistor is a typical traditional de-excitation method. Magnetic field circuit breaker quickly cut off the circuit between excitation winding and excitation power supply. At the same time, the excitation current of the generator is transferred to the de-excitation resistor, and the de-excitation resistor consumes the magnetic field energy. The way of de-excitation circuit is shown in Figure 1 .
The key link here is building voltage, commutation and transferring energy. Building voltage is the premise of commutation, and commutation is the premise of transferring energy. Prerequisites for successful commutation:
Where U k is the arc voltage of the fracture arc when the de-excitation breaker is cut off, U d is the rectifier output voltage, and U m is the voltage across the non-linear resistor. As the generator excitation capacity increases, this condition is sometimes difficult to meet. So commutation failed, resulting in a lot of accidents. In fact, it relates to the voltage matching of magnetic circuit breaker and non-linear resistor.
(2) an Improved Circuit of De-excitation Based on Traditional Method
To facilitate the magnetic circuit breaker and non-linear resistor in voltage better fit, an improved circuit of de-excitation is shown as figure 2. Due to the addition of components, in some degree, it reduce the reliability of deexcitation. (3) AC and DC De-excitation Not only in the excitation DC side set DC deexcitation breaker, but also set AC deexcitation breaker in the excitation AC side. However, the breaker on the AC side cannot independently accomplish the function of commutation and deexcitation, which can only assist the construction of the DC breaker. The principle of the deexcitation circuit is shown in figure 3 . 
Topological Improvement Based on Soft-switching Technology
As shown in figure 4, C1 and C2 are the main charging capacitor for de-excitation, and as a filter at the same time in normal operation of excitation system. The linear resistor of R1, R2 and R3 consume part of magnetic energy at the process of de-excitation. The control of full-controlled devices of GTO1 and GTO2 are depend on the protective relaying signals and the signals of building voltage size, which will create the condition of soft-switching. The nonlinear resistor of ZnO is the main energy consuming resistor. The inductor L and resistor r series connection, which are equivalent to the excitation winding.
The condition of three times of the rated excitation current act as the condition of no-load strong excitation in error, and the current approximate 13000A. Based on the above analysis, the de-excitation system is simulated by MATLAB.
The voltage and current curves of the main circuit is shown in figure 5 . The excitation system of large generation reach the state of strong excitation in error at the time of 5.2s, and the new soft-switching de-excitation system is turn on. Under the function of commutation circuits and the soft-switching, the current of excitation main circuit rapidly drops to zero, and the main circuit switch MK is opened at this time. It is also produce a overvoltage of 6.5×10 4 V, but the current has been reduced to zero. So the main circuit switch MK don't product arcing in the period, and the main circuit breaker MK can be safely opened.
Optimization of Non-linear Resistor
For the nonlinear resistor,
In the closing circuit with nonlinear resistor,
When de-excitation finished, 0,
Where, Table 1 shown. With ZnO and SiC nonlinear resistors, the deexcitation time curve at rated load operation and the deexcitation time curve at no-load 2 times over excitation are shown in Fig. 6 and Fig. 7 , respectively. It can be seen that deexcitation time is much shorter when using ZnO nonlinear resistors.
There is inherent large negative temperature coefficient of SiC, which makes a large number of parallel SiC branches exacerbate the existing uneven flow during the demagnetization of high current and high energy impact, these inhomogeneous phenomena eventually lead to local overheating, arcing and breakdown.
. 
Conclusion
The application of power electronics technology to optimize the topological structure and component parameters of the demagnetization circuit can change the traditional deexcitation commutation method, greatly improve the deexcitation performance and reduce the voltage and current requirements of the deexcitation breaker, so that the deexcitation circuit breaker and the non-Linear resistor can better cooperate to achieve the deexcitation of rapidity, safety and reliability. On the other side, characteristics of deexcitation for nonlinear resistor ZnO are better than those of SiC resistor.
